The Crystal Structure of Sulvanite, CusVS±. Massive sulvanite, Cu 3 VS it from Burra Burra in Australia was recognized as cubic by Orcel 1 ) and de Jong 2 ) from its isotropic reflection of polarized light. De Jong prepared powder X-ray photographs of the substance, and assigned indices to the lines on the basis of a cubic unit with a 0 = 10.75 Â, containing 8 Cu 3 VS t . Assuming chemically identical atoms to be crystallographically equivalent, he suggested a complicated arrangement of the atoms within this unit.
We noticed that the experimental data published by de Jong do not require such a large unit, but can be accounted for by a unit with a 0 = 5.375 Â, containing 1 (7M 3 FS 4 , and we planned to study the crystal further. The opportunity to do this arose when a new find of sulvanite, from near Mercur, Utah, was made 3 ), consisting of cleavable masses and a few individual crystals. Dr. W. T. Schaller of the United States Geological Survey very kindly lent us this material, enabling us to prepare excellent Laue and oscillation photographs. Data from these show conclusively that the true unit contains only one molecule. A rigorous derivation has led to a very interesting new type of atomic arrangement.
The unit of structure and space-group symmetry. Several oscillation photographs were prepared of the radiation from a molybdenum-target tube, either unfiltered or filtered through zirconia, reflected from (100) of a crystal of sulvanite oscillating through 45° about a vertical [010] axis. A cleavage face about 2.5 mm. across and a smaller wellformed cube about 0.8 mm. on edge were used. Various orders of (100) up to (800) were observed to reflect, with the estimated relative intensities given in table I. The value of a n = 5.370 ± 0.005 A (table I) was obtained from a photograph of radiation reflected on the same plate from (100) of sulvanite and (0001) of ^-alumina, for which a spacing of 11.225 Â was assumed 1 ). This agrees well with the value \ X 10.750 = 5.375 Â from de Jong.
Laue photographs were prepared in the usual way from two small crystals (described by Schempp and Schaller), the incident beam being normal to (100), (110), or (111), or making small angles with the normals to these faces. On assigning indices to the reflections with the aid of gnomonic projections and calculating values of ηλ on the basis of a unit with a 0 = 5.37 Á, it was found that none of the values was smaller than 0.24 Â, the short wave-length limit of the incident radiation. Consequently there is no evidence requiring a larger unit of structure; and in view of the excellence of the Laue photographs obtained and the , Of, Of, and 0\, leaving only T\, 0\ and 0\. These three space groups are indeed the only ones which provide positions for the atoms V, 3 Cu, i S in a cubic unit.
The space groups O 1 and 0\ provide the possible positions la. 000 lb. Hi 3a. 0^1 HO 3b. ¿00, 0£0, 00¿ for the atoms in the unit. For any atomic arrangement based on these positions the structure factor becomes F = f v + 3/ Cu -f-4/ s for all even order reflections, which should consequently show a normal decline in intensity with decreasing interplanar distance. The observation that (400) reflects more strongly than (200) consequently eliminates all such arrangements. The space group is hence determined to be
The atomic arrangement.
The possible atomic positions provided by T\ are la, lb, 3a, 3b, and, in addition, 4a. uuu, UÜÜ, üuü, üüu. The sulfur atoms are shown by the fore-going argument to occupy 4a. The vanadium atom may be placed in la rather than lb without loss of generality. Two distinct structures are then obtained by placing 3 Cu in 3a or in 3b. These are the only possible atomic arrangements.
It is easily shown that the observed intensities of reflection in various orders from (100) require that for the first of these two arrangements the parameter lie in the neighborhood of at u = 0.27 i 0.02 the best agreement is obtained, though this is not very good, the observed rather strong first-order reflection not being well accounted for. This arrangement is a very simple and reasonable one, obtained from the sphalerite arrangement by replacing one of the zinc atoms by vanadium and the other three by copper. The approximation of the value of a 0 to that for sphalerite, 5.42 Â, further suggests this structure. Chalcopyrite, CuFeS 2 , has been shown 1 ) to have a structure similarly related to that of sphalerite. Despite its reasonableness, however, this is not the structure of sulvanite, for many intensity comparisons on Laue photographs are incompatible with this atomic arrangement. For example, (643) is observed to reflect on Laue photographs about as intensely as (553), whereas the calculated intensity of reflection of (553) is over ten times that of (643) throughout the parameter range 0.20 < u < 0.30. It is, indeed, evident from the nature of the photographs that the structure of sulvanite is not closely related to the sphalerite structure; for inasmuch as the /-values for V and Cu are not very different, reflections other than those with h, k, I either all odd or all even should be very weak (as was the case in chalcopyrite, where such reflections were not observed at all in the first two investigations of this crystal and appeared only as very weak Laue spots in the last study 1 ), whereas actually on the sulvanite Lane photographs the strongest reflections are those from planes not satisfying this condition.
The parameter for the remaining structure, with 3 Cu in 3b, can be limited to a narrow range of values with the aid of intensity comparisons on oscillation and Laue photographs. In Fig. 1 there are plotted the intensities of reflection in various orders from (100) for the parameter range 0.20 to 0.30 (limitation to this region being easily made) calculated from the equation , _ . , 1 + cos 2 2 β Inoo = Constant ·η · 2~slñ~20
(1) í/oF+ fo Cu (1 + 2 ( -4)") + 4/o, COS 2π nu}*-e ,-0.125 d'. η 0 0
The factor η is required by the experimental conditions, under which the amount of incident radiation intercepted by the face of the crystal increases linearly with the order of reflection. The temperature factor corresponds to an estimated characteristic temperature of about 530° The / 0 -values used arethoseof Pauling and Sherman 1 ). It is seen that the observed intensity relations (800) (600) and (500) > (300) limit u to between 0.223 and 0.239, the quantitative agree- Description of the structure.
The atomic arrangement found for sulvanite is a new type, shown in Figure 3 . Each copper atom is surrounded by four sulfur atoms at the corners of a nearly regular tetrahedron. Each vanadium atom is surrounded by four sulfur atoms at the corners of a regular tetrahedron. Each sulfur atom is surrounded by three copper atoms at three of the corners of a nearly regular tetrahedron, and a vanadium atom not at the fourth corner of the tetrahedron, but in the negative position to this; that is, in the pocket formed by the three copper atoms.
It is probable that there are bonds of essentially covalent type between each atom and its four nearest neighbors. The mutual orientation of the four sulfur bonds is very surprising ; for in all other sulfur-containing covalent crystals whose structures are known with certainty, such as ZnS, MOS 2 , FeS 2 , etc., the sulfur bonds are at approximately tetrahedral angles. It is true, however, that other angles may be expected on theoretical grounds, inasmuch as the 3d as well as 3s and 3ρ orbital wave functions may take part in bond formation 1 ), in which case bonds at 110° and 71° may well be formed. The factors determining the stability of such bonds rather than tetrahedral bonds are not known. The following argument suggests that electrostatic interactions may be important in stabilizing the sulvanite structure. shared equally between two nuclei, then the average electric charges on the various atoms will correspond to the formula Cuf F + + . In the sulvanite structure the ions immediately adjacent to each ion are the same as in the sphalerite-type structure discussed above and eliminated by the X-ray data. In the next sphere of influence, however, there is a difference ; in the sulvanite structure six of the negatively charged copper atoms are brought to within \a0 of each positively charged vanadium atom, with a resultant stabilization of the structure because of the Coulomb terms. This is shown by the Madelung constants, which have the values 39.217174 for Cuf V + S+ + with the sulvanite structure and 37.026993 for the sphalerite-type structure (each for u = \, and referred to a0), corresponding to an energy difference of 135 kcal/mole in favor of the sulvanite structure. This consideration is, of course, too idealized, for the bonds without doubt have considerable ionic character, which operates in such a direction as to make the metal atoms more positive and the sulfur atoms more negative 1 ). If this occurs to the extent indicated by the formulaCu¿ F" 1 "" 1 "^, theMadelung constants become 17.249703 and 14.329462, respectively, the sulvanite structure being then favored by the energy difference 180 kcal/mole. Only if the ionic character were to become so pronounced as to make the copper atoms positive would the Madelung constant for the sulvanite structure fall below that for the sphalerite-type structure. The interatomic distances found are V-S = 2.186 ± 0.040 Â and Cu-S = 2.285 ± 0.014 Á. The Cu-S distance is somewhat smaller than the sum of the tetrahedral radii 2 ) for sulfur and univalent copper, 2.39 Á. As in the case of chalcopyrite, this probably indicates that the valence states are not well defined as Cul^S^, but fluctuate, the copper resonating between cuprous and cupric states and the vanadium between quinquivalent and lower states.
Summary.
The study by means of Laue and oscillation photographs of the cubic mineral sulvanite, using single crystals from Mercur, Utah, has shown the unit of structure to have a0 = 5.370 ± 0.005 Â, and to contain 1 Cu3VSt. The space group is T\-P43m. The atomic arrangement is a new type, V at 000, 3 Cu at £00, 0£0, 00|, and 4$ at www, www, www, www, with w = 0.235 i 0.004. Smallest interatomic distances are V-S = 2.186 ± 0.040 Â, and Cu-S = 2.285 ± 0.014 Á.
We are indebted to Dr. W. T. Schaller of Washington, D. C., for lending us the excellent crystals of sulvanite for investigation, and to Dr. J. Sherman of this Laboratory for the calculation of the Madelung constants. 
